Short-term ion uptake into roots of Limnobium stoloniferum was followed extracellularly with ion selective macroelectrodes. Cytosolic or vacuolar pH, together with the electrical membrane potential, was recorded with microelectrodes both located in the same young root hair. At the onset of chloride, phosphate, and 2 Abbreviations: Em, electrical membrane potential difference; FC, fusicoccin; pH,, cytosolic pH; pHi, intracellular pH; pHo, extracellular pH; pH,, vacuolar pH; pm, plasmalemma; SID, strong ion concentration difference. 1561 www.plant.org on April 26, 2016 -Published by www.plantphysiol.org Downloaded from
nitrate uptake the membrane potential transiently decreased by 50 to 100 millivolts. During Cland H2PO4-uptake cytosolic pH decreased by 0.2 to 0.3 pH units. Nitrate induced cytosolic alkalinization by 0.19 pH units, indicating rapid reduction. The extracellular medium alkalinized when anion uptake exceeded K+ uptake. During fusicoccin-dependent plasmalemma hyperpolarization, extracellular and cytosolic pH remained rather constant. Upon K absorption, FC intensified extracellular acidification and intracellular alkalinization (from 0.31 to 0.4 pH units). In the presence of Cl-FC induced intracellular acidification. Since H+ fluxes per se do not change the pH, recorded pH changes only result from fluxes of the stronger ions. The extra-and intracellular pH changes, together with membrane depolarization, exclude mechanisms as K+/Asymport or HC03-/Aantiport for anion uptake. Though not suitable to reveal the actual H+/Astoichiometry, the results are consistent with an H+/Acotransport mechanism.
Anion transport into Lemna fronds apparently proceeds by a 2 H+/A--cotransport mechanism, energized by the electrochemical proton gradient across the plasmalemma (30). There are, however, only few criteria for H+ cotransport in general: membrane depolarization, increase in membrane current, pH changes, and pH dependence of uptake. Until now short-term cytosolic pH measurements during anion transport into higher plant cells have not been made. In the present study both the cytosolic pH and voltage changes were monitored simultaneously with intracellular microelectrodes in root hairs of Limnobium stoloniferum (syn. Trianea bogotensis). Extracellular pH and ion concentration changes were followed with macroelectrodes using intact roots still attached to Limnobium plants. The large root hairs of Limnobium, a marsh plant, are well suited for the insertion of two microelectrodes. They 'Supported by the Deutsche Forschungsgemeinschaft (C.U.) and the National Science Foundation grant DMB 85-16038 (A.N.).
are electrically well characterized (13) and have been used for many years to study solute uptake (13, 16, 17) . The specificity of the above listed criteria as indicators for an H+-cotransport mechanism is not unequivocal. Therefore, their validity is reevaluated in this study by a comparison with fusicoccin effects and in the light of the concept that the pH of, and hence pH changes in, any compartment are only determined by changes in the concentration difference of the strong ions involved (SID), i.e. H+ fluxes per se do not change the pH of any solution (9, 23, 25, 26) .
MATERIALS AND METHODS Plants
Limnobium stoloniferum (G.F. Mey) Griseb., from the greenhouse of the Botanical Garden, Darmstadt, was grown in an aquarium over a 3 cm layer of potting soil. Three or 10 d before the experiments, all previous roots were cut off and the plants were floated on 1 mm CaSO4 solution at 25°C under long-day conditions to obtain young ion-starved roots.
Electrophysiological Measurements: Membrane Potential and Intracellular pH
For membrane potential and intracellular pH measurements, young root tips (3 d) were cut off, attached to a Plexiglas holder with Johnson cloth tape and mounted in a horizontal Plexiglas cuvette, which was perfused with 1 mM CaSO4 at a flow rate of 10 ml-min-' for 2 h before the measurements. Micropipettes were pulled from filament-containing borosilicate glass capillaries (Clark, GC 150 F) with a vertical puller (D. Kopf 700 C). They were filled with 0.5 M KCI and 0.1 M Mes (pH 5), and had a tip diameter of <0.5 ,um and a tip potential of -5 to -30 mV. The pH-sensitive microelectrodes were prepared as previously described (2, 8) . The tip was filled with H+-ionophor I A (Fluka 95291) and with the same electrolyte as the Em2 micropipettes after treatment with 0.14% dimethyldichloro-silane (Fluka 40140) in benzene and 1.5% polyvinyl chloride (Fluka 81392) in tetrahydrofuran to protect against cell turgor pressure. Both elec-Plant Physiol. Vol. 94, 1990 trodes were inserted into microelectrode holders (Wright EH-2FS) and plugged to the preamplifiers of a high-impedance dual differential electrometer (WPI, FD 223). The pH electrodes were calibrated before and after each experiment with 5 mM Mes/Tris buffers between pH 4 and 8, containing 1 mM KCl, 1 mM NaCl, and 1 mM CaCl2. Em, Em+pH and pH were simultaneously recorded with a three-channel chart recorder (Soltec). Both microelectrodes were inserted into the same root hair cell, which usually was about 60 um in diameter and 300 ,um in length. Mostly both electrodes were first located in the vacuole. The covering of the electrode tip by the tonoplast and cytosol within 5 to 10 min was observed microscopically, monitored and recorded simultaneously with a video set-up (Sony), and confirmed by an increase in voltage difference of 40 mV more negative on average, with the Em electrode as well as by a pH increase from about pH 5.2 to pH 7.5 with the pH electrode (see "Results"). The reference electrode (Wright RC-l) contained the same electrolyte as the measuring electrode and was closed with a porous ceramic plug. It was located in a separate chamber downstream from the root. Microelectrodes were inserted horizontally into the root hairs by using Leitz micromanipulators with attached manual hydraulic microdrives (Narishige MO-103 N-L and MO-ll N).
Measurements of Extracellular Ion Concentration
Intact Limnobium plants with roots of about 800 mg fresh weight were fixed on a screen around the macroelectrodes in a glass beaker with only the roots (not the leaves) immersed in 40 mL of well aerated 1 mm CaSO4 solution. The leaves were illuminated by a quartz halogen lamp (200 ,E cm-2 s-') via fiber optics. The pH was measured with a glass pH electrode (Radiometer G2040C). Alkalinization was not titrated in the experiments presented to avoid the introduction of additional SO42-. The K+ concentration was followed with a K+-selectrode (Radiometer F2312K), Cl-with a Clselectrode (Radiometer Fl012CI) and N03with an NO3selectrode (Radiometer F2412NO3), against a double junction reference electrode (Radiometer K701), the lower compartment ofwhich was filled with 1 M Na2SO4 as electrolyte. Data of pH and ion concentration changes were monitored and recorded by an HP 86B personal computer (Hewlett-Packard), operated with a program written by Helmut Schipp von Branitz (TH Darmstadt, FRG), connected to the pH and ion meters (pHM 84 and ION 83 ion meter, Radiometer). Values obtained with the selectrodes were corrected according to control measurements for K+ by flame photometry (Eppendorf), for Cl-by amperometric titration (Aminco), and for NO3by colorimetry of nitrite after reduction with hydrazine sulfate (Braun-SysteMatic, Methodenblatt N 60).
RESULTS

Fusicoccin
Addition of 15 uiM fusicoccin (in 0.01 % ethanol) in 1 mM CaSO4 to the root hairs caused a dual pattern: An initial Em depolarization by 6.5 ± 2.5 (6) mV on average ( Fig. 1 ) was followed by a hyperpolarization of 70 mV on average (Table  I) . pH, remained fairly constant, i.e. it decreased by less than 0.02 pH units ( Fig. 1 ).
Potassium
One hour after treating the root with fusicoccin for 15 min, addition of K2SO4 in 1 mM CaSO4 rapidly depolarized the membrane (by 1 13 mV on average) with only slow recovery in the presence of potassium. The cytosolic pH increased by 0.3 to 0.4 units and slowly readjusted after K+ removal ( Fig.   2 ; Table I ). Figure 4A shows that fusicoccin slightly stimulated the apparent K+ net reabsorption from a very low concentration in the ,UM range, initially released from the roots into the closed system. Addition of a high K+ concentration induced a strong K+ net influx and simultaneously a strong extracellular acidification.
Chloride Exchanging 1 mM CaSO4 by 1 mM CaCl2 caused a membrane depolarization by more than 100 mV in FC-pretreated young root hairs and by about 60 mV in the larger and older root hairs (Fig. 3 membrane depolarization was smaller in fusicoccin-pretreated root hairs ( Fig. 7A versus 7C). Nitrate uptake, different from chloride and phosphate uptake, was unexpectedly followed by an immediate cytosolic alkalinization by 0.19 pH units on average ( Fig. 7B ; Table I ). This alkalinization was independent of a fusicoccin pretreatment ( Fig. 7B versus 7D ).
Unlike chloride (Fig. 4A ), nitrate addition enhanced K+ net uptake (Fig. 8A) . The extracellular pH started to rise due to transiently acidified by about 0.25 pH units ( Fig. 3B ; Table  I ). Because the Em electrode responds slightly faster than the pH microelectrode (8) (Fig.  3 , E and F). The voltage difference between these two electrodes was corrected by 40 mV, which was recorded before Cl-addition for the tonoplast potential of the same root hair.
In the presence of Cl-FC induced cytosolic acidification ( Fig. 3D ), simultaneously with a distinct pm hyperpolarization (Fig. 3C ).
The extracellular pH increased during Cluptake ( Fig. 4 , A, B, C). Addition of K+ at a concentration similar to that of Climmediately stopped Cluptake and induced a strong extracellular acidification (Fig. 4, B and D).
Phosphate
The change from 1 mM CaSO4 to a 1 mM Ca(H2PO4)2 solution (the pH of a 1 mM Ca[OH]2 solution was adjusted with H3PO4 to pH 5, resulting in a 1.8 mm phosphate concentration) caused a transient membrane depolarization by about 60 mV, with the typical Em overshoot after phosphate removal (Fig. 5 ). Phosphate influx into the root hair induced a simultaneous cytosolic acidification by about 0.37 pH units. Upon phosphate removal the cytosolic pH increased again (Fig. 5) . In contrast to Clthe phosphate-dependent acidification was more consistent due to the further intracellular dissociation to HP042within the cytosol.
Nitrate
Nitrate, applied as 1 mm Ca(NO3)2, caused a membrane depolarization of 23 mV during the first treatment of the root, not dependent on the location of the tip of the Em electrode in the vacuole (Fig. 6A ) or in the cytosol (Fig. 6B ). The amplitude of membrane depolarization, triggered by the same nitrate concentration, increased with time after the first treatment to 54 mV within 4 h (Fig. 6, A-E anion uptake only when the extracellular K+ concentration dropped below a threshold of about 3 gM ( Fig. 8, A, B , C).
The net uptake rate of nitrate increased only slowly with time, similar to the nitrate-induced membrane depolarization (Fig.  8 , C and D). It was immediately stopped by addition of K+ in the mm range, and accordingly the N03--associated extracellular alkalinization turned into a K+-dependent acidification (Fig. 8, B and D).
DISCUSSION
Anion uptake into Limnobium root hairs, i.e. chloride, phosphate, and nitrate, induced a distinct membrane depolarization by 50 to 100 mV (Figs. 3, 5, 7) . Simultaneously, the extracellular pH increased when K+ net influx was very low (Figs. 4 and 8 ). In the case of chloride and phosphate also the cytosolic and vacuolar pH decreased at the onset ofuptake (Figs. 3 and 5) . The question is, whether the changes of these three parameters, Em, pHo, and pHi, can be taken as unequiv- 
Changes of Membrane Potential
The large membrane depolarization occurring during anion transport in Limnobium root hairs can be explained by a 2 H+/Acotransport mechanism as was suggested already for anion uptake into Lemna fronds (30) and for nitrate uptake into N03--induced roots of soybeans and maize (22, 27, 28) . Uninduced crop roots did not display a membrane depolarization, but rather a hyperpolarization (24, 27) . Such a hyperpolarization, as also observed during nitrate uptake into Catharanthus roseus cells, was interpreted as a 2 N03-/OHexchange mechanism (18, 24) . However, both an increasing depolarization together with a subsequent hyperpolarization could be recorded during the induction period of nitrate uptake (22, 27) . Therefore, it is suggested that in the case of E E these crop plants, due to intracellular metabolism, the primary N03-accompanying H+ influx is rapidly compensated for by H+ efflux through the H+ATPase. NO3accumulation may cause acidification and hence Em hyperpolarization. When only a depolarization occurs, as in the present study with Limnobium root hairs, the constitutive components of nitrate uptake and nitrate reductase may be larger than in maize and soybean roots. This might be confirmed by data reported for Lemna, where Em was depolarized prior to induction by about 15 mV, while apparently NO3-did not accumulate within the cells over a period of 2 h (28, 29) .
Changes of pH
This metabolic interference with anion accumulation, and hence with Em characteristics, calls for further criteria to elucidate the uptake mechanism involved. Extracellular alkalinization has been regarded as the best evidence for the operation of such a mechanism since the early studies of Komor with Chlorella (1 1) . Accordingly, the clear-cut extracellular alkalinization during Cland NO3uptake into Limnobium roots (Figs. 4 and 8) would confirm the operation of an H+/A--cotransport mechanism. From a 1 H+/H2PO4uptake stoichiometry, together with the lack ofany membrane depolarization, it was concluded that in Trifolium roots phosphate uptake proceeds by a 1 H+/H2PO4--cotransport mechanism (6) .
When the extracellular medium is alkalinized, a simultaneous intracellular acidification due to H+/A-influx is predictable. Indeed, in Limnobium root hairs both, the cytosol, and also the vacuole, acidified by 0.2 to 0.3 pH units during Cland H2PO4-influx ( Figs. 3 and 5) . A cytosolic acidification was expected also for NO3influx (22) . However, surprisingly, but consistently the cytosol alkalinized ( Fig. 7 ).
Concept of Strong Ion Concentration Difference
Evaluating these extra-and intracellular pH changes, which are consistent with the H+-cotransport concept, the fundamental chemical basis of pH determination has to be considered. According to quantitative studies (23) the pH of any compartment is determined only by the concentration difference of the strong ions present (SID). Thus, only fluxes of these ions but not H+ or OH-fluxes per se change the pH, because of the extremely small dissociation of water (K" = 10-'4). Furthermore, electroneutrality has to be maintained, according to:
Hence, pH changes upon ion transport across cell membranes are the function of changes in the concentration difference between strong cations and strong anions, and also of weaker ions, according to: The relevance of this quantitative acid-base chemistry for pH determination has been illustrated in detail for pH changes in chloroplasts and mitochondria (9) , and for the debate about the existence ofa pm-located 'redox proton pump' in addition to the pm-H+ATPase (26) .
Fusicoccin
The effect of the uncharged fusicoccin on the cytosolic pH is very informative for evaluating which conclusions can be inferred from the quantitative acid-base concept for anion transport. In most plant cells investigated fusicoccin (in K+containing media) induced cytosolic and vacuolar alkalinization, and this was interpreted to be a consequence of FCtriggered H+ efflux by the pm-H+ATPase (12, 14) . In Sinapis root hairs, cytosolic acidification was measured following addition of FC (in a medium with a K+:Clratio of 1:100), and interpreted as a FC effect on organic acid synthesis, which in turn would enhance the H+ATPase and then induce Em hyperpolarization (2) .
In Limnobium root hairs, FC in mere CaSO4 solution very slightly acidified the cytosol (by not more than 0.02 pH units) and slightly alkalinized the medium, while it caused a small primary Em depolarization of 6.5 mV on average ( Figs. 1 and  4A) . In guard cells from Viciafaba plants, grown in October-November, a primary pm depolarization of up to 23 mV over 30 min in FC was reported (3). These changes correspond with the minute K+ efflux (Fig. 4A) . Only the addition of K+ in FC-pretreated or unpretreated root hairs (Fig. 2 ) or in Lemna (26) induced cytosolic alkalinization. In Lemna, the extracellular pH did not decrease when FC alone was added, but only when K+ was present (26) . This means that the H+ATPase is not activated by a FC-triggered cytosolic acidification. But probably a more direct FC activation of the H+ATPase (1, 12, 14) , together with the inactivation of outward-directed K+ channels (3), leads to membrane hyperpolarization that, in turn, energizes K+ influx (3) . According to the acid-base concept, K+ influx then alkalinizes the cytosol and vacuole. This confirms the suggestion that FC-induced cytosolic pH changes depend on the K+ status of the tissues (3). The mechanistic cause for the very small primary membrane depolarization and the minute K+-efflux-dependent extracellular alkalinization and intracellular acidification may be the first interaction of the lipophilic fusicoccin with membrane constituents such as the K+ channels (3). In the presence of Cl-the enhanced 2 H+/Clinflux resulted in cytosolic acidification ( Fig. 3D ) and can be compared with results found with Sinapis root hairs (2) .
Extracellular pH Changes
Similarly, extracellular alkalinization upon H+/sugar influx must be reinterpreted. Concluding from the SID concept, the alkalinization results from charge-compensating K+ efflux but not from H+ influx per se (25) . When H+ influx is compensated for by a rapid H+ efflux, i.e. in the absence of pH changes, solute uptake is, nevertheless, mediated by an H+/ cotransport m6chapism as revealed by the strong membrane depolarization (7 According to quantitative acid-base chemistry, these examples suggest that the anion-associated pH changes found with Limnobium root hairs also must be interpreted with caution. C1l and NO3-influx increase extracellular SID, thus causing extracellular alkalinization. Anion influx decreases intracellular SID and causes acidification. Indeed, Cland NO3influx resulted in extracellular alkalinization (Figs. 4 and 8), as has been known since long (4, 5, 10) .
But in consideration of the SID concept, such an anionrelated extracellular alkalinization and intracellular acidification is not a priori a clear-cut evidence for an H+/A-cotransport mechanism. Anion uptake will produce this pattern in any case. The operation of an H+/cotransport mechanism is indirectly confirmed only when no fluxes of stronger cations are involved. Because changes of H+ fluxes alone cannot be measured, discrimination between a 1 H+, 2 H+, or higher ratio of stoichiometry per mol anion taken up cannot be achieved either. Only additional measurements of current fluxes in single cells will provide the stoichiometric relations. On the other hand, acidification or absence of any pH change do not necessarily exclude an H+/A--cotransport mechanism. An independent but simultaneous K+ influx and hence acidification may conceal anion-dependent alkalinization ( Figs. 4  and 8 ). Clear evidence is provided when only one strong ion species is moving and when by titration a stoichiometry of H+:A-= 1:1 is obtained.
Intracellular pH Changes
The interpretation of intracellular pH changes upon anion influx is even more complicated. The recorded cytosolic or vacuolar acidification upon Cland H2PO4-influx (Figs. 3 and 5) and correspondingly the cytosolic alkalinization upon Cl-starvation (21) are consistent with the SID concept and, at least, do not refute an H+/Acotransport mechanism.
The pH change upon NO3uptake was unexpected with respect to the SID concept. Cytosolic alkalinization was found during these short-term measurements instead ofacidification ( Fig. 7 ) similar to long-term measurements of the cell sap pH of roots (4, 5, 10, 13). The SID concept indicates that a cationic charge different from H+ must have been generated. Therefore, it is assumed that in Limnobium root hairs, the rate of NO3reduction exceeds the intracellular NO3-accumulation rate. The rapid production of the reduction product NH3 equilibrating to NH4' is a good candidate for cytosolic alkalinization, and probably also is responsible for the typical slow recovery of Em in the presence of NO3by interference with the pm-H+ATPase (Fig. 7) as generally observed with amines (20) . Further comparative analyses will show whether different patterns of intracellular NO3-accumulation vs. reduction in different plant species will be reflected in different pH, changes, and thus result in divergent NO3-induced Em changes, i.e. hyperpolarization with predominant NO3accumulation or depolarization with predominant NO3reduction in the root (24, 29) . Only additional knowledge about these metabolic parameters can provide a clear interpretation ofthe uptake mechanism and answer the question ofwhether, as expected, NO3uptake also is generally mediated by an H+/cotransport mechanism which is more evident for S042-, Cl-, and H2P04- (19, 27, 30) .
